Objectives One and a half years have passed since the Fukushima Daiichi nuclear power plant disaster. The environmental radiation dose rate was not critical, but an existing exposure situation has been identified in a large part of Fukushima Prefecture. Although people continue to live and work in the contaminated area, they are not provided with sufficient information to reduce their exposure to radiation by themselves. In this study, we attempt to evaluate the efficiency of radiation shielding by using everyday items widely available to people. Methods NaI scintillation and Geiger-Müller survey meters were used to measure the radiation dose of (1) contaminated soil and (2) soil covered with commonly available items. Results In the soil at a depth of 10 cm from the surface, the radiation dose rate decreased from 3.36 to 0.65 lSv/h, and the count rate decreased from 3,120 to 352 cpm. Both the radiation dose rate and count rate reduced when the soil was covered with everyday items, such as a magazine more than 20 mm thick, a polystyrene foam board, and a wooden board of the same thickness. Conclusions To protect residents from unnecessary radiation exposure in the existing exposure situation, covering contaminated soil with a wooden board or a magazine, either of them 20 mm thick, is useful to reduce the radiation dose.
Introduction
On 11 March 2011, a tsunami caused by an earthquake off the Pacific coast of Tohoku devastated the Fukushima Daiichi nuclear power plant, and the subsequent loss of the cooling system and a hydrogen explosion led to the release of radioactive materials. The radioactive materials diffused over the entire Tohoku region, including the Fukushima Prefecture and Kanto region. According to the report released by the Ministry of Education, Culture, Sports, Science, and Technology (MEXT) on 21 March 2012, the accumulated dose in most of the City of Fukushima was higher than the total annual global effective dose due to natural radiation sources as estimated by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) [1] [2] [3] . The accumulated radiation dose from March 2011 to March 2012 calculated by MEXT was from 2.3 to 10.1 mSv [1] . The high effective dose in Fukushima City was considered to be due to radioactive contaminated soil. At the time of the disaster, the major radionuclides that widely diffused were tellurium-132, iodine-131 (I-131), iodine-132, cesium-134 (Cs-134), cesium-137 (Cs-137), and xenon-138 [4] . Six months after the disaster, the main source of the radiation dose rate in Fukushima was assumed to be radioactive cesium (Cs-134 and Cs-137) in the ground [5, 6] .
On the basis of the principles of radiation protection, evacuation from a contaminated area is the best way to reduce unnecessary radiation exposure. Residents living within a 20-km radius of the nuclear power plant were evacuated soon after the disaster. However, people living outside the evacuation zone continue to live and work in Fukushima Prefecture. The International Commission on Radiological Protection (ICRP) states that a postaccident rehabilitation situation is considered to be like an ''existing exposure situation'' [7] . It is reasonable that people want to avoid unnecessary exposure as much as possible, even though they are not in an emergency exposure situation.
Methods that use materials to reduce the radiation dosage are widely known in the literature, but such information was usually obtained from experiments under a controlled situation. In other words, the information includes the sum of physical parameters obtained from the controlled experiments, not taking into account a variety of situations, such as the living environment. People in Fukushima live in a contaminated area where the exact identification of radioactive materials is still undetermined. However, now, they do have access to information about the radiation dose rate in their own community as well as in neighboring areas. Checking the radiation dose rate is the easiest way to understand the current status of unnecessary radiation exposure. In this study, we suggest how to reduce the radiation dose through self-help protection. It is necessary for all citizens to keep in mind how to protect themselves against radioactive materials and fallout whenever a nuclear accident occurs.
Methods

Measuring equipment
The radiation dose rate (lSv/h) of c-rays was measured using an NaI scintillation survey meter (TCS-172; Aloka, Tokyo), and the count rate (cpm) of b-rays and c-rays was measured using a Geiger-Müller (GM) survey meter (TGS-136; Aloka, Tokyo) [8, 9] .
Outdoor experiments
Measurement of the radiation dose rate and count rate of the ground surface were carried out at 1 cm above the ground surface on Thursday 14 April 2011, at Fukushima Medical University (37°410N, 140°280E), located at 57.8 km west-northwest of the Fukushima Daiichi nuclear power plant (37°250N, 141°020E) [8] . The measurement instruments were held by hand, horizontal to the ground surface, and the radiation dose rate was recorded 1 min after the survey meter was positioned. Vertical-direction measurements were carried out after stripping each layer of soil at 1, 2, 3, 4, 5, and 10 cm below the ground surface (20 cm 9 20 cm area).
Indoor experiment
On Monday 18 April 2011, we collected soil from a site where rainwater collects; it had a radiation dose rate of over 30 lSv/h (the upper limit of the measuring instrument) and a count rate of 22,200 cpm [8] . To prepare a model ground surface, we filled a plastic dish (115 mm diameter, 10 mm deep) with the collected soil as a radiation source. When packaging the soil, we treated it carefully and wrapped it with plastic film to avoid further contamination, then we sealed the plastic dish. The indoor experiment was carried out on 6 October 2011. On that day, it was expected that deposited radioactive materials with short half-life had mostly decayed [6, 9] . Using both the NaI scintillation survey meter and GM survey meter, we measured the radiation from the soil in the dish. Both measurements were carried out simultaneously with the survey meters in contact with the dish's surface. The radiation dose rate was recorded when the value shown by the NaI scintillation survey meter became stable, and the count rate was recorded 1 min after we started recording the measurements with the GM survey meter. All indoor experiments were carried out at a place where the background radiation dose rate was 0.07 ± 0.01 lSv/h and count rate was 78 ± 8 cpm. The mean value of the background radiation dose rate and count rate were subtracted from that of the model ground surface radiation dose rate and count rate. The materials tested were as follows: a newspaper, a piece of corrugated cardboard, a magazine as a sample of paper, and a sheet of polystyrene foam. We also used various samples of cloth: one made from a blend of polyester and cotton (65:35), one from a sheet of polyethylene, one from a ethylene-vinyl acetate blend, one from a blend of cotton and polyurethane (95:5), and one from 100 % cotton. Other materials included a cork board, a wooden board made from Betula (birch), and an aluminum board. These materials are easily available in most markets in Japan.
Results
In the results of this study, the radiation dose rate measured by the NaI scintillation survey meter indicates the effect of c-rays, and the count rate measured by the GM survey meter indicates the effect of the sum of b-rays and c-rays.
Outdoor experiments
To understand the status of soil contamination on 14 April 2011, which was approximately 1 month after the explosion of the Fukushima Daiichi nuclear power plant, the ground surface radiation dose rate and count rate were measured at 1 cm above the ground surface. The base measurement was carried out using the NaI scintillation survey meter and GM survey meter, and the values recorded were 3.36 lSv/h and 3,120 cpm, respectively. Subsequently, we collected a 20-cm 2 area of the soil surface and exposed a 1-cm-deep underground layer. The radiation dose rate and count rate of the underground layer were measured at 1 cm above the surface. We continued to expose additional layers at depths of 2, 3, 4, 5, and 10 cm (Fig. 1) . For each exposed layer, we measured the radiation dose rate and count rate. Both measurements decreased as the depth increased. In the soil at a depth of 10 cm, the radiation dose rate decreased to 0.65 lSv/h, approximately one-fifth of the surface radiation dose rate, and the count rate decreased to 352 cpm, approximately one-tenth of the surface count rate. Each collected soil layer was mixed with the others, and the mixed soil was returned to the soil removal location. Thereafter, the radiation dose rate and count rate of the ground surface were measured again. These rates were found to be decreased to 2.37 lSv/h and 1,415 cpm, respectively.
Indoor experiments
Soil was collected and packed in a plastic laboratory dish for use as a model radiation source. The dish was sealed tightly and wiped to avoid further contamination. We measured the radiation dose rate and count rate with the survey meters in contact with the surface of the dish containing the contaminated soil. The value for the model radiation source was 12.9 lSv/h, with count rate of 7,752 cpm. During the indoor experiments, using the dish soil as a model of the contaminated ground surface, we evaluated how effectively various everyday items can shield radiation. The radiation dose rate and count rate of the surface of dish were measured after covering it with each object described above (see ''Methods''). Then, the measured value was compared with measurements taken when the dish was not covered. Table 1 presents means of five measurements. The reduction coefficient of the radiation dose rate was calculated by dividing the radiation dose rate of the model ground surface covered with the shielding material by the rate without the shielding material. The reduction coefficients of the radiation dose rate and count rate were obtained. The reduction coefficient of the radiation dose rate and that of count rate had a tendency to decline according to the thickness of the covering material, irrespective of what it was made from. In this study, the radiation dose rate and count rate decreased by approximately 50 % when the thickness of the shielding materials (either the magazine, two layers of 10-mm polystyrene foam board, or two layers of 10-mm Betula wood board) was 20 mm or greater. In addition, even though several types of cloth with four layers were used as shielding objects, their efficiency to shield the radiation dose rate was below 10 %. The polyethylene cloth had less shielding efficiency than the other cloth materials.
When comparing the reduction coefficient of the count rate and that of the radiation dose rate, there was a more significant decrease in the count rate than in the radiation dose rate. In general, b-rays were absorbed by shielding materials more than c-rays. It is natural that the mean values of the count rate decreased more drastically than those of the radiation dose rate.
The shielding materials used in this study were categorized into three groups: (1) wood, including paper made from wood, (2) synthetic fibers, and (3) aluminum. Assuming that paper is a type of wood, the apparent attenuation coefficient of wood was estimated using the following equation:
where I is the intensity of the radiation dose rate when shielded by wood, I 0 is the intensity of the radiation dose rate without shielding, l is the apparent attenuation coefficient for wood, and t is the thickness of wood or paper. The mean values of the radiation dose rate of paper and wood are plotted in Fig. 2 and were substituted into Eq. 1. The calculated apparent attenuation coefficient for wood was 0.044 when the model ground soil was used as the radiation source. The thickness of wood used in the experiments has an attenuated radiation dose rate from 50 to 90 %. Therefore, t 1/2 and t 1/10 were estimated to be 15.8 and 52.3 mm, respectively, based on Eqs. 2 and 3. 
Discussion
On 14 April 2011, radioactive fallout was deposited on the ground surface, but it did not penetrate deeply into the ground (Fig. 1) . The depth profiles of the radiation dose rate and count rate were different. The count rate decreased by approximately 30 % when 1 cm of ground surface was removed, but the radiation dose rate did not. The difference was assumed to be due to c-ray and b-ray detector directivity. The GM survey meter detected b-rays almost from one direction, because the detector window was in front of the probe. Conversely, the NaI scintillation survey meter was able to detect radiation from all directions around the probe. Because the probe was not protected by any shielding materials, such as lead, from rays coming from the surrounding area, the NaI probe detected not only radiation coming from in front of the probe but also radiation coming from the area surrounding the probe. In the case of experimental farmland soil at the National Institute for Agro-Environmental Sciences, Tsukuba, Ibaraki, Japan, Mean ± standard deviation (SD) is indicated (n = 5); * p \ 0.01 and ** p \ 0.001 compared with contaminated soil by Student's t test. The reduction coefficient was calculated by dividing the radiation dose rate and count rate of the model ground surface when shielded with materials by those rates without shielding most of the radionuclides were accumulated within a few centimeters of the soil surface, and after tillage, the concentration of radionuclides within a few centimeters of the soil surface substantially decreased [10] . In fact, in the City of Koriyama in Fukushima Prefecture, the topsoil of sports grounds was removed to a depth of 3 cm at public elementary schools, achieving a substantial decrease in the radiation dose rate from 4.5 to 0.9 lSv/h at 1 cm above the ground [11] . Therefore, removing the topsoil to a depth of 5 cm removed the contaminated soil and, therefore, lowered the radiation dosage. Topsoil perturbation to a depth of 10 cm reduced the radiation dose rate by approximately 30 % and the count rate by approximately 55 %. The difference between these percentages is due to the properties of c-rays and b-rays. We considered that the b-rays measured by the GM survey meter were decreased more by soil particles than the c-rays measured by the NaI scintillation survey meter. When the radioactive fallout was diluted by topsoil perturbation, the b-rays were shielded by the soil layer while the c-rays penetrated through the layer. A countermeasure used to lower radiation exposure is to remove topsoil where radioactive fallout was deposited or to dilute the topsoil by surface perturbation. Fundamentally, the former is the best way to lower the radiation exposure and protect people from unnecessary exposure. Although the Ministry of Agriculture, Forestry, and Fisheries reported the same results as in our test, soil perturbation was less effective in the area where the soil contained over 10,000 Bq/kg of radioactive material [12, 13] . According to the report ''Monitoring Information of Environmental Radioactivity Level,'' provided by MEXT 2 months after the disaster, at least some of the radionuclides, such as I-131, Cs-134, Cs-137, Te-129m, Te-132, and Sr-89, were detected at Sugitsuma, Fukushima, which is located 62 km northwest of the Fukushima Daiichi nuclear power plant. In particular, the concentrations of I-131, Cs-134, and Cs-137 were high [14] . It was assumed that the main radiation sources, b-rays and c-rays, were deposited on the ground surface as radioactive fallout. Radioactive iodine was the radionuclide that affected human health the most right after the disaster. Considering that the half-life of radioactive iodine (I-131) is short (i.e., 8 days), after 1 month from the disaster, the concentration of I-131 in the ground soil was speculated to decrease to approximately one-tenth. In fact, a gamma radiation measurement began on 15 April 2011 [6] . Thereafter, the counts seemed to attenuate exponentially. After 6 months, the environmental radiation dose rate, measured at 100 cm above the soil surface, reduced by about 50 % [9] . Radionuclides with long half-lives were predominant as the environmental radiation source. It was considered that, in present-day measurements, Cs-134 and Cs-137 have a larger effect as a radiation source than I-131.
One of the radiation protection principles is the use of interventions to reduce exposure. The ICRP proposed that radiation exposure must be kept as low as reasonably achievable, taking economic and social factors into account [15] . Although administrative support is essential for decontamination of a community's living environment, it is also important that civilians protect themselves from radiation exposure. In the indoor experiment in this study, we evaluated how effectively familiar everyday items could be used to shield people from radiation. Shielding by wood and paper with thickness of approximately 20 mm proved useful for reducing radiation due to radioactive fallout from the Fukushima Daiichi nuclear power plant. The results imply that covering contaminated soil with a 20-mm-thick wooden board or magazine protects the living environment of a contaminated garden or ground. Moreover, the apparent attenuation coefficient for wood covering contaminated soil in Fukushima reveals that *50-mm-thick wood, including paper, reduces the radiation dose rate to almost one-tenth. The apparent attenuation coefficient for wood in this study is not officially approved as a parameter in nuclear physics; however, this type of information is useful for people actually living in a contaminated environment.
Next, we evaluated whether the radiation dose can be reduced by wearing everyday clothes. Two or more layers of cloth were not capable of sufficiently reducing the radiation dose due to contaminated soil. Although covering the soil surface with cloth was less effective in lowering the radiation dose, it was effective in preventing dispersion of radioactive material contained in dust. This type of information is more important to those who actually live in the Fig. 2 The radiation dose rate was attenuated depending on the thickness of various materials. The materials included newspaper, corrugated cardboard, a magazine, cork, and a board of Betula (birch), all made from wood. The apparent attenuation coefficient for wood was estimated using the equation I = I 0 exp(-lt), where I is the intensity of the radiation dose rate with shielding, I 0 is the intensity of the radiation dose rate without shielding, l is the apparent attenuation coefficient for wood, and t is the material thickness Environ Health Prev Med (2013) 18:261-266 265 radioactive contaminated environment. It is important to propose how to protect them from unnecessary radiation exposure by utilizing everyday items.
